Introduction
============

Valproic acid (VPA) is a widely used antiepileptic drug for the monotherapy or adjunctive therapy of simple or complex absence seizures. VPA is metabolized mainly by hepatic glucuronidation.[@b1-dddt-9-4559] In a process known as enterohepatic circulation (EHC), it is secreted via bile into the intestine, where it is hydrolyzed by enterobacteria to liberate the parent drug, which is then reabsorbed. Interestingly, amoxicillin/clavulanic acid (AMC) causes a marked decrease in the levels of anaerobic enterobacteria, especially bifidobacteria, lactobacilli, and clostridia, which could ultimately lead to altered pharmacokinetics for glucuronide drug conjugates.[@b2-dddt-9-4559] Indeed, a previous study reported significantly decreased concentrations of mycophenolic acid, which undergoes extensive EHC, following multiple administration of AMC.[@b3-dddt-9-4559]

The goal of epilepsy treatment is to achieve a seizure-free status without adverse effects, which can be achieved by controlling VPA concentrations. Unfortunately, VPA has a narrow therapeutic window.[@b4-dddt-9-4559] During some seizures, people can injure themselves and develop other medical problems or life-threatening emergencies such as bruises, cuts, burns, and falls.[@b5-dddt-9-4559] So it is very important for them to maintain a constant concentration of VPA to prevent potentially life-threatening conditions arising from a failure to control drug concentrations. For this reason, VPA concentration is monitored to adjust dosage regimens and to achieve the desired clinical effects while avoiding toxicity.

To date, there are no published drug--drug interaction studies of VPA and AMC, although they are commonly used as first-line treatments for each therapeutic indication. This study aimed to evaluate the effects of AMC on the pharmacokinetics of VPA following multiple oral administration of AMC in healthy subjects.

Methods
=======

Study design
------------

This was an open-label, two-treatment, single-sequence, drug interaction study. This study was coordinated by the Clinical Trial Center of Samsung Medical Center (Seoul, Republic of Korea). Healthy male subjects between the ages of 19 years and 55 years with a body mass index (BMI) of 19--27 kg/m^2^ (extremes included) were eligible for enrollment.

On day 1, subjects received a single dose of VPA 500 mg (Depakote^®^; Abbott Laboratories) with 240 mL of water. After washout of 5--9 days, subjects received AMC 500/125 mg (Augmentin^®^; GlaxoSmithKline plc) three times daily for 7 days. On day 15, subjects received a single dose of VPA and were then confined to the center from the morning of day 16. The highest approved dosage of each drug was used in this study to maximize the ability to detect a significant pharmacokinetic interaction. This AMC dose was considered sufficient for affecting the intestinal microbiota based on a previous study.[@b6-dddt-9-4559]

The study was approved by the Institutional Review Board of Samsung Medical Center. The study was conducted in accordance with Good Clinical Practice and the Declaration of Helsinki. The study is registered at [cris.nih.go.kr/cris](http://cris.nih.go.kr/cris) (KCT0001165). Written informed consent was obtained from all participants prior to screening evaluations.

Blood sampling
--------------

Venous blood samples were collected at 0 hour (predose), 2 hours, 2.67 hours, 3.33 hours, 4 hours, 5 hours, 6 hours, 7 hours, 9 hours, 12 hours, 24 hours, and 48 hours after study drug administration (in two subjects, samples were obtained at 1 hour and 3 hours instead of 2.67 hours and 3.33 hours, respectively). Samples, placed in heparinized tubes, were centrifuged at 2,000× *g* for 10 minutes at 4°C. Plasma samples were stored at −70°C until further bioanalysis.

Drug analysis
-------------

Assays for plasma VPA concentrations were performed with a validated fluorescence polarization immunoassay (COBAS INTEGRA^®^ 800; Roche Diagnostics, Mannheim, Germany) by duly licensed laboratories. Assays were conducted in compliance with applicable standard operating procedures in place at the time of analysis in the Clinical Chemistry Laboratory of Samsung Medical Center. The assay had a coefficient of variation lower than 2.4% and a sensitivity of 3.15 mg/L. The lower limit of quantification was 1.59 mg/L, and calibration ranged from 1.59 mg/L to 35 mg/L.

Safety analysis
---------------

Safety evaluations included observations of any clinically significant changes in physical examinations, clinical laboratory tests (blood chemistry, hematology and urinalysis), and vital signs (systolic/diastolic blood pressure and pulse rate). Blood pressure values were obtained in the seated position with the upper arm using a semi-automated cuff-oscillometric sphygmomanometer. Adverse events (AEs) were monitored; evaluated for the frequency, severity, and relationship to treatment; and recorded using MedDRA^®^ (Version 16.0; Maintenance and Support Services Organization, Chantilly, VA, USA).

Pharmacokinetic analysis
------------------------

The pharmacokinetic parameters of VPA were calculated by noncompartmental analysis of individual plasma concentration--time data using Phoenix^®^ WinNonlin^®^ 6.3 software (Certara, St Louis, MO, USA). The maximum concentration (*C*~max~) and the time to *C*~max~ (*t*~max~) were obtained from the observed data. The area under the plasma concentration--time curve from time 0 to the last quantifiable concentration (AUC~last~) and the partial AUC from 4 hours to 12 hours (AUC~4--12~) as an estimate of EHC were determined using the linear/log trapezoidal method. The elimination half-life (*t*~1/2~) was calculated as: *t*~1/2~= ln(2)/*k*~el~, where *k*~el~ was the elimination rate constant. *k*~el~ was calculated by linear regression of the log-linear concentration--time curve.

Statistical methods
-------------------

All statistical analyses were conducted using SAS^®^ Enterprise Guide^®^ 4.3 software (SAS Institute Inc., Cary, NC, USA). The *C*~max~ and AUC~last~ estimates were log-transformed and then analyzed with a generalized linear model. Back-transformed summary statistics includes geometric least-squares means and the geometric mean ratio (GMR) for between-treatment comparisons with 90% confidence intervals (CIs). The analysis of *t*~max~ was based on untransformed data using non-parametric methods (Wilcoxon-signed rank test).

A sample size of 16 was calculated to be sufficient (with a power of 90% at the 5% significance level), assuming a difference of 20% in exposure to VPA with or without AMC and an intrasubject coefficient of variation of 15% for VPA.

Results
=======

Twenty-five volunteers were screened, and 17 of them were randomized. Two subjects prematurely discontinued the study following withdrawal of informed consent. A total of 15 subjects completed the study. Subjects (n=17) had a mean age of 28.5 years (range, 21.0--45.0 years), a mean weight of 70.2 kg (range, 58.6--79.8 kg), and a mean BMI of 23.4 kg/m^2^ (range, 19.4--27.0 kg/m^2^). They had no significant medical history and did not take any medication. Mean systolic and diastolic blood pressures were 124.1 mmHg (range, 110.0--144.0 mmHg) and 76.1 mmHg (range, 68.0--91.0 mmHg), respectively. The mean pulse rate was 69.8 bpm (range, 49.0--93.0 bpm).

Safety
------

Treatment-emergent AEs are shown in [Table 1](#t1-dddt-9-4559){ref-type="table"}. Nine subjects (56.3%) reported 14 AEs when coadministered with AMC and two subjects (12.5%) reported two AEs when administered VPA alone. Six subjects (37.5%) had seven events that were considered drug related: diarrhea (4), dyspepsia (1), decreased neutrophil count (1), and nocturia (1). All AEs were considered to be mild in severity and resolved without sequelae. The most frequently reported AE was diarrhea. Three subjects had clinically significant laboratory abnormalities: increased blood bilirubin, increased blood creatine phosphokinase, and decreased neutrophil count. There were no clinically significant changes in vital signs.

Pharmacokinetics
----------------

Mean plasma VPA concentration--time profiles are shown in [Figure 1](#f1-dddt-9-4559){ref-type="fig"}. After reaching *C*~max~, plasma VPA concentrations appeared to decline in a monophasic manner. Pharmacokinetic parameters and statistical comparisons of VPA are shown in [Table 2](#t2-dddt-9-4559){ref-type="table"}. When coadministered with AMC, the *C*~max~ and AUC~last~ of VPA decreased by 1.5% and 4.4%, respectively. There was no difference in the partial AUC~4--12~ between treatments. The median *t*~max~ value was comparable between treatments. The mean *t*~1/2~ value was approximately 16 hours in both treatments. The GMRs with 90% CIs for the AUC~last~, AUC~4--12~, and *C*~max~ fell entirely within a range of 0.80--1.25, which indicates no significant interaction with AMC.

Discussion and conclusion
=========================

In this study, visual observations revealed that plasma concentrations of VPA showed only one peak at approximately 2--5 hours, regardless of the administration of AMC. This result is not consistent with a previous study in which mean VPA profiles for both sexes showed a marked secondary peak at 8 hours, implying the presence of a secondary absorption process.[@b7-dddt-9-4559] Note that EHC may not be the only determinant factor for the appearance of multiple peaks in plasma concentration. Indeed, multiple peaks in the concentration--time curve can occur as a consequence of a number of different mechanisms.[@b8-dddt-9-4559] For VPA, there are two possible causes for the presence of a secondary peak: formulation factors and physiological factors (EHC).[@b8-dddt-9-4559] First, because we selected the same delayed-release formulation as the previous study, the presence of a secondary peak cannot be explained by the formulation.[@b7-dddt-9-4559] For sustained-release formulations of VPA, the secondary peak can result from alterations in release and dissolution rates at different gastrointestinal sites and from alterations in absorption rates.[@b8-dddt-9-4559] Thus, delayed-release tablets are suitable for modeling EHC of VPA, as mentioned in the previous study.[@b7-dddt-9-4559] Second, various species exhibit differences in EHC of VPA. It is well known that, in rats, VPA displays secondary peaks, suggesting the presence of EHC in the disposition of VPA.[@b9-dddt-9-4559],[@b10-dddt-9-4559] In monkeys, the excretion into the bile was very limited, although the amount of conjugated VPA was comparable to that in rats.[@b9-dddt-9-4559] Thus, considering the close genetic relatedness between humans and monkeys, VPA may not undergo extensive EHC in humans, although the major metabolites of VPA are the same glucuronide conjugates observed in rats.

According to the previous study, women had a larger AUC and a higher *C*~max~ of VPA than men; however, when correction for body weight was made, such differences disappeared.[@b7-dddt-9-4559] It was also observed for mycophenolic acid, with a marked difference in the ratio of mycophenolic acid to its glucuronide conjugates between sexes.[@b11-dddt-9-4559] In men, due to the reduced expression of efflux pumps, saturation of hepatobiliary transporters would result in longer drug residence in hepatocytes and thus faster clearance, ultimately decreasing the reabsorbed fraction.[@b7-dddt-9-4559] Furthermore, because VPA glucuronide conjugates are found in urine, further studies are needed to clarify the role of EHC in metabolism of VPA, considering the potential sex differences in its metabolism, measured directly by using urine samples.[@b12-dddt-9-4559]

We did not evaluate changes in the number or type of enterobacteria using fecal samples. On the basis of previous studies, however, multiple doses of amoxicillin for 7 days were sufficient to reduce enterobacteria levels.[@b2-dddt-9-4559],[@b6-dddt-9-4559]

The incidence of AEs when coadministered VPA with AMC was reported higher compared with that of administration of VPA alone, even considering multiple AMC administration.

In summary, multiple AMC administration had little effect on the pharmacokinetics of VPA, indicating that dose adjustments of VPA may not be required under these circumstances. Further studies are necessary to determine the clinical impact on patients treated with VPA.
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###### 

Treatment-emergent adverse events

                                           VPA alone (n=16)   AMC + VPA (n=16)        
  ---------------------------------------- ------------------ ------------------ ---- -----------
  Diarrhea                                 1                  1 (6.25)           3    3 (18.75)
  Dyspepsia                                0                  0 (0.00)           1    1 (6.25)
  Asthenia                                 0                  0 (0.00)           1    1 (6.25)
  Increased blood bilirubin                0                  0 (0.00)           1    1 (6.25)
  Increased blood creatine phosphokinase   0                  0 (0.00)           2    2 (12.50)
  Decreased neutrophil count               1                  1 (6.25)           1    1 (6.25)
  Headache                                 0                  0 (0.00)           1    1 (6.25)
  Hypoesthesia                             0                  0 (0.00)           1    1 (6.25)
  Presyncope                               0                  0 (0.00)           1    1 (6.25)
  Somnolence                               0                  0 (0.00)           1    1 (6.25)
  Nocturia                                 0                  0 (0.00)           1    1 (6.25)
  Total                                    2                  2 (12.50)          14   9 (56.25)

**Abbreviations:** VPA, valproic acid; AMC, amoxicillin/clavulanic acid.

###### 

Pharmacokinetic parameters and statistical comparisons of VPA with and without AMC in healthy subjects

                        Treatment           Statistical comparison   
  --------------------- ------------------- ------------------------ -------------------------
  *C*~max~ (mg/L)       53.0                52.1                     0.9834 (0.9161, 1.0556)
  AUC~last~ (h·mg/L)    889.6               851.0                    0.9566 (0.8589, 1.0654)
  AUC~4--12~ (h·mg/L)   315.6               301.2                    0.9544 (0.8860, 1.0282)
  *t*~max~ (h)          4.00 (2.00, 5.00)   3.33 (2.00, 5.00)        --
  *t*~1/2~ (h)          15.8 (3.0)          15.6 (3.4)               --

**Notes:** All values, except for *t*~max~ and *t*~1/2~, are presented as the geometric mean. Values for *t*~max~ and *t*~1/2~ are presented as the median (minimum, maximum) and the arithmetic mean (standard deviation), respectively.

**Abbreviations:** VPA, valproic acid; AMC, amoxicillin/clavulanic acid; GMR, geometric mean ratio; CI, confidence interval; C~max~, maximum concentration; AUC~last~, area under the plasma concentration--time curve from time 0 to the last quantifiable concentration; AUC~4--12~, partial AUC from 4 hours to 12 hours; *t*~max~, time to C~max~; h, hours; *t*~1/2~, elimination half-life.
